Our previous study indicated that the acinar cells regenerated actively in the rat pancreatic remnant after partial (90%) pancreatectomy. On that occasion, a twofold higher mitotic activity was observed in the cells of paraduodenal than those of the medial and stump regions (regional difference). Since cholecystokinin (CCK) has been known to have various physiological functions in the digestive system, especially in the pancreas, through the CCK-A receptor, we determined the effect of a CCK-A receptor competitive antagonist (CCK-RA) (SR27897B) on pancreatic regeneration after pancreatectomy. A group of Wistar rats was administered 1 mg/kg CCK-RA twice daily for 5 days. On the 2nd day of administration, partial pancreatectomy was performed. Proliferation activity of both exocrine and endocrine cells was found to be enhanced uniformly 5 days after the pancreatectomy, and the effect was inhibited by CCK-RA. Plasma CCK level was increased by 90% pancreatectomy and decreased by CCK-RA. CCK was hypothesized to be an important factor of pancreatic exocrine and endocrine regeneration. Administration with CCK-RA suppressed mitotic activity uniformly in the three regions of paraduodenal, medial and stump. From the evidence, it was presumed that regional difference in regeneration was produced not by paracrine factor from the duodenum but by some other unknown mechanism including anatomical difference in vascular and autonomic nervous system.
Key words: pancreas, regeneration, pancreatectomy, cholecystokinin, cholecystokinin-A receptor antagonist
I. Introduction
Experimental pancreatic regeneration was first studied in dog by DiMattei [5] in 1885, who determined the mitotic activity of pancreatic cells after partial pancreatectomy. Extensive studies by Fitzgerald et al. [6] and Pearson et al. [22] demonstrated regeneration of pancreatic acinar cells after partial pancreatectomy. Besides partial pancreatectomy, subsequent studies indicated that the pancreatic tissue was able to regenerate after various experimental treatments such as ductal ligation and drug administration. Experimental regeneration has been applied to determine the controlling mechanism of cellular proliferation in the pancreas. Previous studies by our group has demonstrated that after 90% pancreatectomy, the remnant pancreas regenerated immediately and reached the maximum at around day 5 [9, 10] . Immunohistochemical study also indicated that there was a regional difference in proliferation activity in the remnant pancreas [9] . The proliferation activity was higher in the paraduodenal region than that in medial and stump regions. These findings suggest that acinar cells may be affected by some humoral factors possibly produced by the duodenum. Among various hormones and growth factors related to regeneration, cholecystokinin (CCK) has been suggested to be a potent humoral factor affecting trophism of the pancreas [1, 3, 11, 13, 20, 23-25, 27, 29, 30] . Miyasaka et al. [18] has reported that CCK is essential not only for normal pancreatic growth, but also for pancreatic regeneration after partial pancreatectomy. Therefore we hypothesized that CCK, which promotes various physiological processes, Correspondence to: Dr. Shohei Yamashina, Department of Anatomy, Kitasato University School of Medicine, 1-15-1, Kitasato, Sagamihara, Kanagawa 228-8555, Japan. E-mail: yamasina@kitasato-u.ac.jp might play an important role in the course of regeneration. In this study we attempted to determine the effect of CCK on the process of pancreatic regeneration using a CCK receptor antagonist (CCK-RA), SR27897B, paying special attention to the regional difference.
II. Materials and Methods

Experimental animals and pancreatectomy
Male Wistar rats weighing 120-150 g (6 weeks of age) were housed in an air conditioned room at 23°C with a diurnal light and dark schedule, and were allowed free access to water and standard food before and after the operation. Partial pancreatectomy was performed according to Hayashi et al. [9, 10] under anesthesia with intraperitoneal injection (1 ml/100 g body weight) of a mixture containing 35 mg sodium pentobarbital (Dainihon Pharmaceutical Co., Ltd., Osaka, Japan) and 15 mg ketamin hydrochloride (Sankyo Pharmaceutical Co., Ltd., Tokyo, Japan) in 1 ml physiological saline. The gastric, splenic and duodenal segments of the pancreas were resected, leaving only the parabiliary segment, the smallest portion closely attached to the common bile duct [28] . Pancreatic resection was performed using a battery-operated small vessel cauterizer equipped with a straight tip (Fine Science Tools, Heidelberg, Germany). By this procedure, about 90% by wet weight of the total pancreas was resected. All surgical procedures in this study were started at 10 a.m. and were completed within approximately 20 min.
CCK-RA administration
A group of rats was administered with SR27897B (1 mg/kg body weight) per os twice daily from 1 day before pancreatectomy to the indicated day of sacrifice (Fig. 1 ).
SR27897B is a non-peptide competitive antagonist of the CCK-A receptor [4, 8, [14] [15] [16] and was kindly supplied by Japan Sanofi Co., Ltd. Another group of rats was treated only by pancreatectomy. The third group was sham-operated.
Tissue sampling and microscopic examination
On day 5 after pancreatectomy, the remnant pancreas was removed en bloc together with the surrounding duodenum and was prepared for microscopic examination. In a separate group of rats, the wet weight of the resected remnant pancreas was measured after separating the parabiliary segment from the duodenum. Samples used for measuring wet weight were not examined microscopically. Specimens used for microscopic examination were fixed in 10% formalin or Carnoy's fixative overnight and embedded in paraffin. Sections with 1.5 mm in thickness were cut so that common bile ducts were included in a single plane, and were stained with hematoxylin and eosin. Histology was examined by light microscopy. The number of acinar cells per mm 2 area was calculated by counting the number of nuclei of acinar cells on light micrographs taken at ´40 magnification. The proliferation activity was examined by the incorporation of bromodeoxyuridine (BrdU) using a cell proliferation kit (RPN 201, Amersham Pharmacia Biotech Inc., Piscataway, ME, USA). For this purpose, pancreatectomized rats were injected with BrdU intraperitoneally 4 hr prior to removal of remnant pancreas, and the remnant pancreas was processed for light microscopy in the same manner as mentioned above. Sections were stained with anti-BrdU monoclonal antibody as the first antibody after denaturing the intrinsic DNA with 1 N HCl for 5 min, followed by treatment with peroxidase-conjugated mouse IgG2a for 1 hr. After extensive rinsing with PBS, peroxidase activity was developed using a mixture of 0.05% 3,3'-diamino-benzidine-4HCl and 0.01% H2O2. Endogenous peroxidase activity was inactivated in advance by treatment with 2% H 2 O 2 in methanol for 20 min. The labeling index (LI) was calculated by the ratio of BrdU-positive nuclei in more than 10,000 acinar cells. Calculations were conducted by dividing the remnant pancreas into three regions: the portion nearest to the duodenum (duodenal region), the middle portion (medial region) and the portion from the common bile duct to the resected margin (stump region). The labeling index (%) was compared among the three different regions of the remnant pancreas. Note that the remnant pancreas is thin, and that the common bile duct is visible through the tissue. b) 5 days after 90% pancreatectomy alone (Px group). The remnant pancreas appears thickened and the common bile duct is not detectable through the tissue. c) 5 days after 90% pancreatectomy and CCK-RA administration (Px+CCK-RA group). Pancreatic remnant is not as thick as that of pancreatectomy alone. The common bile duct is partially recognizable. Arrows indicates common bile duct. Bar=1 cm. 
Measurement of plasma CCK concentration
At the time of tissue sampling, blood was also collected from the inferior vena cava and plasma was separated by centrifugation. Plasma CCK was measured by a radioimmunoassay using OAL-656 antiserum and CCK-8 as standard [18] . 125 I-labeled CCK-39 was used as a tracer. A mixture of standard or sample, assay buffer or free plasma, 125 I-CCK-39 and anti-CCK serum OAL-656 was incubated at 4°C for 48 hr. Then normal rabbit serum and goat antirabbit g-globulin were added and incubated at 4°C for 48 hr.
After centrifugation at 3000 rpm for 30 min, the radioactivity in both the supernatant and the precipitate was counted in a scintillation counter. The sensitivity of this assay was 1.5 pg/tube, equivalent to 7.5 pg/ml CCK-8. Mean values of 6 rats in each group were compared.
III. Results
Macroscopic findings
In non-pancreatectomized control rats (Px(-) group), the parabiliary segment was so thin that the common bile duct was visible through the pancreatic parenchyma (Fig.  2a) . In rats that received pancreatectomy alone (Px group), the remnant pancreas on day 5 after pancreatectomy was thickened in an antero-posterior direction to surround the duodenum, compared to that of the Px(-) group (Fig. 2b) . In contrast, in pancreatectomized rats administered CCK-RA (Px+CCK-RA group), the remnant pancreas was less thickened compared to the Px group. The common bile duct was only partially depictable (Fig. 2c) . The weight of the parabiliary segment in the Px(-) group was 80-90 mg. After pancreatectomy, the weight of the parabiliary segment increased to 200-220 mg, which was 2.5 times larger than the Px(-) group. In contrast, the weight of the parabiliary segment in the Px+CCK-RA group was only 100 mg, which was half that of the Px group.
Proliferation activity of the acinar cells and endocrine cells
In Px(-) group, the acini were distributed densely with relatively small amounts of interstitial tissue. In the Px group, the acini became more densely distributed and only sparse interstitial tissue could be recognized. In the Px+CCK-RA group, the area occupied by interstitial connective tissue increased, whereas the parenchymal tissue became atrophic. As a result, the common bile duct epithelium was prominently visible (Fig. 3) . In Px(-) group, the LI in acinar cells was approximately 1% (Fig. 4a) , and regional difference was not remarkable (Fig. 5) . A mature islet consisted of 100-200 endocrine cells in a sectional plane, and only about 1-2 cells showed positive BrdU labeling (Fig. 6) , indicating LI to be roughly 0.5-1% in Px(-) group (Fig. 7) . In the Px group, BrdU-positive cells were found frequently in the paraduodenal region; 7-8 BrdU-positive cells were recognized in a ´200 magnified field (Fig. 4b) , indicating LI to be roughly 10%, which was 10 times higher than that in the Px(-) group. In the medial and stump regions, LI were 5% and 4%, respectively. LI decreased gradually as the area examined became closer to stump region (Fig. 5) . In mature islets of the Px group, about 10 endocrine cells showed positive reaction for BrdU among a total of 100-200 cells (Fig. 6) , and LI was calculated to be approximately 5% (Fig.  7) . In the Px+CCK-RA group, BrdU-positive cells were less abundant even in paraduodenal region (Fig. 4c) . LI was calculated to be approximately 2% in paraduodenal region, and 0.7% in medial and stump regions. An 80% decrease of proliferation activity was seen almost equally in the three regions (Fig. 5) . In endocrine cells of the Px+CCK-RA group, a small number of BrdU-positive cells were found (Fig. 6) and LI was calculated to be approximately 1.2%. A 70% decrease of proliferation activity was seen as compared to the Px group (Fig. 7) .
Plasma CCK concentration
Plasma CCK concentrations are summarized in Fig. 8 . Pancreatectomy was found to induce an increase in plasma CCK concentration. Administration of CCK-RA caused a 10% decrease in plasma CCK concentration compared to the Px group, but plasma CCK concentration was still higher than that in the Px(-) group.
IV. Discussion
Role of CCK in the regeneration of remnant pancreas
The pancreatic tissue of non-pancreatectomized rats has a very low mitotic activity, but not zero activity. This background mitotic activity is considered to maintain tissue volume by turnover of the constituent cells [21] . The remnant pancreas on day 5 after pancreatectomy thickened and the distribution of acini become dense with less amount of interstitial tissue. Qualitative and quantitative study for BrdU uptake indicated that proliferation activity increased gradually after pancreatectomy and reached a peak on day 5. Plasma CCK concentration was twice as much as that of non-pancreatectomized rats, indicating that partial pancreatectomy stimulated secretion of endogenous CCK. Under this condition of augmented CCK level, increases in wet weight, acinar cell density and proliferation activity were observed simultaneously in the remnant pancreas. Increased proliferation activity of islet cells suggested that CCK induced proliferation not only in exocrine but also in endocrine tissue.
Administration of CCK-RA to pancreatectomized rats resulted in a 10% decrease in plasma CCK concentration and various morphological changes compared with Px group. Enlargement of remnant tissue was unremarkable macroscopically, and acini were separated from each other by a large amount of connective tissue. Wet weight of the remnant pancreas decreased compared with Px group, and distribution of acinar cells became sparse, showing a histological appearance similar to that of Px(-) group. These findings indicated proliferation of acinar cells was inhibited totally by the effects of by CCK-RA. Uptake of BrdU was very low in the islet cells and the amount was not different from that of Px(-) group. From the evidence, it was concluded that 90% pancreatectomy induced proliferation of both exocrine and endocrine cells through elevated CCK.
Miyasaka et al. [18] performed 30% pancreatectomy in OLETF (Otsuka Long Evans Tokushima Fatty) rats that showed no CCK-A receptor gene expression because of a genetic abnormality, and reported that the wet weight, DNA concentration and protein concentration were reduced in the remnant pancreas of pancreatectomized OLETF rats com- pared with LETO (Long Evans Tokushima Otsuka) rats. They concluded that deficiency of CCK-A receptor retards normal pancreatic growth with age, and that CCK-A receptor is not an absolute requirement for pancreatic normal growth but is important for regeneration after pancreatic damage.
Although the trophic effect of CCK on acinar cells has been well documented, its effect on islet cells has yet to be reported. Imoto et al. [12] and Mineo et al. [17] reported that normal growth of both acinar and islet cells were inhibited in rats and sheep by administration of CCK-RA. Expression of mRNA coding CCK-A receptor was also reported not only in acinar cells but also in beta cells [2] . Our study demonstrated that plasma CCK concentration was reduced by only 10% after CCK-RA administration. Although the amount was not reduced to the level of Px(-) group, atrophy of the remnant pancreas was recognized nonetheless. It is very likely that decreased pancreatic function brought about enhancement of CCK secretion that stimulated proliferation of exocrine as well as endocrine cells; however, the sequential reaction might not take place when CCK-receptor was blocked by the antagonist. In contrast, Miyasaka et al. [18] reported no apparent difference in plasma CCK concentration between normal and deficient rats of the CCK-A receptor gene. The discrepancy might be attributable to the difference in degree of pancreas resection.
Effect of endogenous CCK on regional differences in regeneration
We have already reported high proliferation activity in the acinar cells after 90% pancreatectomy [9] . Regional difference in mitotic activity of acinar cells was evident in the remnant pancreas; that is, acinar cells proliferated more actively in the paraduodenal region than in the medial and stump regions [9] . In the present study, we paid special attention to CCK produced by duodenal chromaffin cells, as a candidate to cause regional differentiation. If endogenous CCK affected the remnant pancreas by a paracrine mechanism, identical LIs would be expected in the three regions after treatment with CCK-RA. However almost 80% decrease of proliferation activity was found uniformly in the three regions. Thus, it seems unlikely that endogenous CCK affects acinar cells directly by a paracrine mechanism via chromaffin cells in the adjacent duodenum. Alternately, anatomical distribution of capillary vessels or postsynaptic neurons could be expected to contribute to regional differences. However, scanning electron microscopic findings showed that the capillary network in rat pancreas appeared to be homogenous, with no discernible local differences [19] . Therefore, it seems unlikely that regional difference of proliferation activity arises from differences in capillary network distribution. Sakagami et al. [26] reported that increased secretion of endogenous CCK after oral administration of camostat (Foipan ® , a kind of proteinase inhibitor), induced pancreatic blood flow, and that the effect was inhibited by CCK-RA. They suggested that there might be a vascular dilatation mechanism mediated by the CCK-A receptor in the pancreas. After reduction of normal pancreatic tissue (especially the volume of acinar cells), such as by pancreatitis or pancreatectomy, the endogenous CCK might increase the blood flow in pancreatic tissue not by anatomical changes of the vascular system but by dilatation of the vessels; however, it is not clear whether there are regional differences of distribution in the dilatation of the vessels. Thus, regional differences in proliferation activity of acinar cells could be explained by assuming the existence of regional differences in pancreatic vessels. In contrast, amylase secretion was stimulated by endogenous CCK via neurosecretion in human pancreas; that is, exogenous stimulation by carbacol, but not CCK, induced amylase secretion from isolated acinar cells in vitro [7] . This fact may suggest that regional differences of proliferation activity may occur in the presence of topographical differences of innervation. We presumed that endogenous CCK affected the CCK-A receptor through blood flow in the pancreatectomized rat, and that regional differences in regeneration activity could be attributed to differences in vascular distribution as well as autonomic nervous system. Distributional differences of CCK-A receptor may affect the regional differences in the regeneration of exocrine portion, but the presence of such differences needs to be determined by future studies.
In conclusion, endogenous CCK is one of the essential factors for pancreatic regeneration. We speculate that regional differences in proliferation activity of the remnant pancreas might arise from differences in distribution of vascular flow and/or autonomic neurons, but further studies are required to clarify this point. Secretion of endogenous CCK is promoted by partial pancreatectomy, which results in elevated blood CCK level and trophic effects on acinar cells and islet cells. These effects are inhibited by CCK-RA. The molecular mechanism by which CCK secretion is promoted remains to be elucidated. 
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